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Abstract of JP200208021 6 

PROBLEM TO BE SOLVED: To provide a porous material capable of increasing selectivity and 
adsorption separation rate when used for an adsorbent or a separating material and its making 
method. SOLUTION: The porous material has a mesopore of which the central pore diameter is 1-10 
nm and a macropore of which the pore diameter is 0.05-0.5 &mu m. The ratio of the whole volume of 
the pore which has a diameter in the range of ± 40% of the central pore diameter to the whole pore 
volume of the porous material is 60-98% based on the measurement by nitrogen adsorbing method. 
The ratio of the whole macropore volume of the whole pore volume of the porous material is 20-50% 
based on the measurement by pressurized mercury method. 
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(54) [Title of the Invention] POROUS MATERIAL AND METHOD FOR 
PRODUCING THE SAME 
(57) [Abstract] 

[Object] To provide a porous material capable of increasing 
the selectivity and rate of adsorption and separation when used 
as an adsorbent or separating material . To provide a production 
method capable of producing a porous material which can increase 
the selectivity and rate of adsorption and separation when used 
as an adsorbent or separating material. 

[Construction] A porous material having mesopores having a 
central pore diameter of 1 to 10 nm and macropores having a pore 
diameter of 0.05 to 0.5 (am, wherein the proportion of the total 
volume of the pores having a diameter in the range of ± 40% of 
the central pore diameter, in the total pore volume of the porous 
material , is 60 to 98% as measured by anitrogenadsorptionmethod, 
and the proportion of the total volume of the macropores in the 
total pore volume of the porous material is 20 to 50% as measured 
by a mercury intrusion method. 
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[CLAIMS] 

[Claim 1] A porous material having mesopores having a central 
pore diameter of 1 to 10 nm and macropores having a pore diameter 
of 0.0 5 to 0.5 im, 

wherein the proportion of the total volume of the pores 
having a diameter in the range of ± 40 % of the central pore diameter , 
in the total pore volume of the porous material, is 60 to 98% 
as measured by a nitrogen adsorption method, and 

the proportion of the total volume of the macropores in 
the total pore volume of the porous material is 20 to 50% as 
measured by a mercury intrusion method. 

[Claim 2] The porous material according to claim 1, wherein 
the porous material is an aggregate of acicular materials, and 
the macropores are formed as the porous material is partitioned 
by the acicular materials which are adjacent, while the mesopores 
are formed into the acicular materials. 

[Claim 3] A method for producing a porous material , comprising 
the steps of: 

adding a porous material having macropores into a basic 
aqueous solution having a concentration of basic substances of 
0 . 01 to 5 mol/L to obtain a porous material-containing solution; 

adding a surfactant to the porous material-containing 
solution to obtain a solution containing complexes of the porous 
material having macropores and the surfactant; and 

heating the solution containing complexes to 40°C or higher 
to allow formation of mesopores in the porous material having 
macropores . 
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[Claim 4] The method for producing a porous material according 
to claim 3, wherein the porous material having macropores is 
a porous material in which a proportion of the total volume of 
the macropores having a pore diameter of 0.05 to 0.5 ^m, in the 
total pore volume of the porous material, is 2 0 to 50% as measured 
by a mercury intrusion method. 

[Claim 5] The method for producing a porous material according 
to claim 3 or 4 , wherein the porous material having macropores 
is a porous material obtained by removing calcium from fibrous 
calcium silicate crystals. 

[Detailed Description of the Invention] 

[0001] 

[ Industrial Fieldof the Invention] Thepresent inventionrelates 
to a porous material and a method for producing the same, and 
more particularly, to a porous material having mesopores and 
macropores, and a method for producing the same. 

[0002] 

[Related Art] Since the discovery that silica-based porous 
materials in which mesopores having a diameter of 2 to 50 nm 
are very regularly arranged, are obtained from specific silica 
raw materials and surfactants (see, for example, C.T. Kresge 
et al., Nature, vol. 359, p. 710, 1992; S. Inagaki et al . , J. 
Chem. Soc. , Chem. Commun. , 680, 1993) , research has been act ively 
carried out on porous materials having excellent uniformity in 
the pore size . 

[0003] Concomitantly, research is also being carried out on 
porousmaterialshavingporeswithdif ferent si zespresent together 
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For example, Japanese Unexamined Patent Application Publication 
(JP-A) No. 11-128744 discloses aporous material mainly composed 
of y-alumina, which has mesopores having a pore diameter of 40 
to 200 A and macropores having a pore diameter of 0.1 to 5 ^m, 
andJP-ANo. 9-2 958 lldisclosesaporousmaterialinwhichmicropores 
having a pore diameter of 0.35 to 2 nra, mesopores having a pore 
diameter of 2 to 50 nra, and macropores having a pore diameter 
of 50 nm to 1000 urn are distributed according to fractal rules. 
Furthermore, JP-A No. 7-187846 discloses a reticulate porous 
material having micropores, mesopores andmacropores at specific 
proportions . 
[0004] 

[Problems to be Solved by the Invention] However, the porous 
materials disclosed in the above-mentioned publications have 
problemsinthat , f orexample , whenusedasanadsorbentorseparating 
material , the selective adsorbability or selective separability 
is not satisfactory, and the rate of adsorption and separation 
is low. 

[0005] The present invention was achieved under such 
circumstances associated with the problems of the related art, 
and it is an object of the present invention to provide a porous 
material capable of increasing the selectivity and rate of 
adsorption and separation when used as an adsorbent or separating 
material, and a method for producing the porous material. 

[0006] 

[Means for Solving the Problems] The inventors of the present 
invent ion have devotedly carried out research in order to achieve 
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theabove-describedobject, andasaresult, f oundthattheproblems 
of the related art are caused by non- uniformity of pore size, 
as shown below. That is, the y-alumina-based porous material 
disclosed in JP-A No. 11-128744 is poor in the uniformity of 
pore size of the mesopores and macropores , as it is evident from 
the production method. The porous material disclosed in JP-A 
No. 9-295811 has no rising part in the adsorption isotherm curve 
(Fig. 15 in the corresponding publication) , as can be seen from 
the curve, in the relative pressure range of 0.2 0 to 0.80, and 
ispoorintheunif ormityof poresizeof themesopores . Furthermore , 
the reticulate porous material disclosed in JP-A No. 7-187846 
does not have a rise in the curve of the correlation plot between 
the pore size and the cumulative pore volume (Fig. 1 in the 
corresponding publication) , as can be seen from the curve, in 
the region of 200 A (20 nm) or less , and is poor in the uniformity 
of pores having a diameter in such range. 

[0007] The inventors of the present invention have made further 
progress in the research based on the above finding, and as a 
result, found that the object can be achieved by using a porous 
material having high uniformity in the mesopores of a specific 
size, and having the volume fraction of macropores of a specific 
size in a certain range . They also found that a porous material 
having the above-described characteristics can be produced by 
adding a porous material having macropores into a basic aqueous 
solut ionat a specif ic concentration, adding a surf act ant thereto, 
and then heating the mixture, and thus completed the present 
invention. 
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[0008] Inotherwords, theporousmateri al of thepresent invent ion 
isaporousmaterialhavingmesoporeshavinga central pore diameter 
of 1 to 10 nm and macropores having a pore diameter of 0.05 to 
0.5 |nm, characterized in that the proportion of the total volume 
of pores having a diameter in the range of ± 4 0% of the central 
pore diameter, in the total pore volume of the porous material, 
is 60 to 98% as measured by a nitrogen adsorption method, while 
the proportion of the total volume of the macropores in the total 
pore volume of the porous material is 20 to 50% as measured by 
a mercury intrusion method. 

[00 09] Since the porous material of the present invention has 
mesopores having a central pore diameter of 1 to 10 nm as described 
above, the porous material is suitable for the capture of many 
low molecular weight compounds. Also, since the uniformity of 
pore size is excellent, the porous material exhibits excellent 
selective adsorbability or selective separability, for example, 
when used as an adsorbent or separating material . Furthermore, 
since the proportion of the total volume of macropores having 
a pore diameter of 0.05 to 0.5 urn, in the total pore volume, 
is in the above -described range, the material as an object of 
adsorption or separation diffuses rapidly inside the porous 
material, and the rate of adsorption and separation is enhanced. 
That is, the material as an object of adsorption and separation 
rapidly diffuses inside the porous material via the macropores 
that are contained in the porous material in a specific amount, 
and the diffused object material is taken into the mesopores 
with high selectivity. 
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[0010] According to the present invention, the porous material 
is an aggregate of acicular materials, and it is preferable that 
the macropores be formed as the porous material is partitioned 
by the acicular materials which are adjacent, and the mesopores 
be formed into the acicular materials . In the case where a porous 
material has such structure , the selectivity or rate of adsorption 
or separation tends to be more excellent. 

[0011] The method for producing a porous material of the present 
invention is characterized by comprising the steps of (1) adding 
aporous material having macropores into abasic aqueous solution 
having a concentration of basic substances of 0.01 to 5 mol/L, 
to obtain a porous material -containing solution; (2) adding a 
surfactant to the porous material -containing solution to obtain 
a solution containing complexes of the porous material having 
macropores and the surfactant; and (3) heating the solution 
containing complexes to 40°C or higher to allow formation of 
mesopores in the porous material having macropores . The porous 
material of the present invention is obtained by the method for 
producingaporous material comprisingthe above-describedsteps . 
[0012] In the method for producing a porous material of the 
present invention, the porous material having macropores is 
preferably a porous material in which the proportion of the total 
volume of macropores having a pore diameter of 0.05 to 0.5 urn, 
in the total pore volume of the porous material, is 20 to 50% 
as measured by a mercury intrusion method. According to the 
production method of the present invention, since it is possible 
to form mesopores in the porous material while maintaining the 
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macropores of the porous material, which is the raw material, 
production of the porous material of thepresent inventionbecomes 
easier if a porous material in which the proportion of the total 
volume of macropores having a pore diameter of 0.05 to 0.5 |am 
is in the above -described range, is used as the raw material. 
Also, the porous material obtainable as a result thereof tends 
to have more enhanced selectivity or rate of adsorption and 
separation. 

[0013] In the method for producing a porous material of the 
present invention, the porous material having macropores is 
preferably a porous material obtained by removing calcium from 
fibrous calcium silicate crystals. When a material of the 
above- described type is used as the porous material as the raw 
material, the finally obtained porous material can be made into 
an aggregate of acicular materials . Furthermore, in this case, 
thepartspartitionedbytheacicularmaterialswhichareadjacent, 
can be considered as macropores, and it becomes possible to form 
mesopores into the acicular materials. Therefore, it becomes 
possible to obtain a porous material having more excellent 
selectivity or rate of adsorption and separation. 
[0014] 

[Embodiments] First, theporousmaterial of thepresent invention 
will be described. The porous material of the present invention 
isaporousmaterialhavingmesoporeshavingacentralporediameter 
of 1 to 10 nm and macropores having a pore diameter of 0.05 to 
0.5 nm, characterized in that the proportion of the total volume 
of pores having a diameter in the range of + 4 0% of the central 
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pore diameter, in the total pore volume of the porous material, 
is 60 to 98% as measured by a nitrogen adsorption method, while 
the proportion of the total volume of the macropores in the total 
pore volume of the porous material is 20 to 50% as measured by 
a mercury intrusion method. 

[0015] The central pore diameter of mesopores as used in the 
pre sent invent ionmeansaporediameterdeterminedby the operation 
as described below (nitrogen adsorption method). That is, a 
porous material is cooled to the liquid nitrogen temperature 
(-196°C) so that nitrogen gas is introduced into the material, 
the pressure of the introduced nitrogen gas is slowly increased, 
and the amount of adsorption of nitrogen gas is plotted against 
the equilibrium pressure , to thus obtain an adsorption isotherm 
curve. From this adsorption isotherm curve, a curve in which 
the value (dV/dD) of differentiating the pore volume (V) by the 
pore diameter (D) is plotted against the pore diameter (D) (pore 
size distribution curve) is obtained using the BJH method. The 
central pore diameter is the pore diameter for the maximum peak 
of this pore size distribution curve. 

[0016] The porous material of the present invent ion has mesopores 
having a central pore diameter of 1 to 10 nm as measured according 
to the above -described method. If the central pore diameter 
is less than 1 nm, when the porous material is used as an adsorbent 
or separating material, the material as an object of adsorption 
or separation is limited tomaterials having a very small molecular 
size, and thus the use of the porous material becomes highly 
restricted. On the other hand, if the central pore diameter 
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is greater than 10 nm, when the porous material is used as an 
adsorbent or separating material, the pore size of the porous 
material becomes too large compared to the molecular size of 
many low molecular weight compounds which are the objects of 
adsorption or separation, and the efficiency of adsorption and 
separation is lowered. In other words, when the porous material 
according to the present invention has mesopores having a central 
pore diameter of 1 to 10 nm, the porous material becomes suitable 
for the adsorption or separation of many low molecular weight 
compounds . 

[0017] According to the present invention, the proportion of 
the total volume of pores having a diameter in the range of + 
4 0% of the central pore diameter, in the total pore volume of 
the porous material , is 60 to 98%asmeasuredby the above -described 
nitrogen adsorption method. Here, the phrase "the proportion 
of the total volume of pores having a diameter in the range of 
± 40% of the central pore diameter is 60 to 98%" implies that, 
for example, when the central pore diameter determined by the 
nitrogen adsorption method is 3.00 nm, the sum of the volume 
of pores having a size in the range of 3.0 0 nm ± 4 0%, that is, 
in the range of 1.80 to 4.20 nm, occupies 60 to 98% of the total 
pore volume. Therefore, the pore size distribution curve of 
the porous material of the present invention as measured by the 
nitrogen adsorption method becomes a curve having a sharp peak 
at around a pore size of 1 to 10 nm, and the distribution of 
the pore size becomes very narrow. 

[0018] In the case where the proportion of the total volume 
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of pores having a diameter in the range of ± 40% of the central 
pore diameter is less than 60% of the total pore volume, the 
uniformity of pore size is poor, and thus the selectivity of 
adsorption and separation is decreased when, for example, the 
porous material is used as an adsorbent or separating material . 
On the other hand, in the case where this proportion is greater 
than 98%, the volume of macropores becomes insufficient. 
According to the present invention, the proportion of the total 
volume of pores having a diameter in the range of + 4 0% of the 
central pore diameter, in the total pore volume of the porous 
material, is preferably 70 to 98%, and more preferably 80 to 
98%. 

[0019] The porous material of the present inventionhasmesopores 
as described above, and at the same time, has macropores having 
a pore diameter of 0.05 to 0.5 urn, and the proportion of the 
macropores occupying the total pore volume of the porous material 
is 20 to 50% as measured by a mercury intrusion method. 
[0020] Here, the proportion of the total volume of macropores 
as measured by a mercury intrusion method means a proportion 
which is determined as follows. That is, a porous material is 
immersed in mercury at room temperature , the pressure of mercury 
introduced into the pore sis slowly increased, and the relationship 
between the pore size and the cumulative pore volume obtained 
from the amount of adsorption of mercury is plotted against the 
equilibriumpressure . The totalporevolumeof theporousmater ial 
is the maximum value of the cumulative pore diameter in this 
plot, and the total volume of macropores having a pore diameter 
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of 0.05 to 0.5 |am is the difference between the cumulative pore 
volume with a pore size of 0.05 urn and the cumulative pore volume 
with a pore size of 0.5 |^m in this plot. Thus, when the latter 
is divided by the former and multiplied by 100, the proportion 
of the total volume of macropores having a pore diameter of 0.05 
to 0.5 |J.m can be determined. 

[0021] In the case where the proportion of the total volume 
of macropores having a pore diameter of 0.05 to 0.5 fim is less 
than 20%, when the porous material of the present invention is 
used as an adsorbent or separating material, the rate at which 
the material acting as an object of adsorption or separation 
diffuses inside the porous material decreases so that the 
performance of adsorption and separation is deteriorated. On 
the other hand, in the case where the above proportion is greater 
than50% , thevolumef ractionof mesoporesisrelativelydecreased, 
and the selectivity of adsorption and separation becomes 
unsatisfactory. 

[0022] In addition, it is possible to determine the pore size 
distribution curve for macropores in the porous material of the 
present invention according to the mercury intrusion method, 
and the pore diameter for the maximum peak of the pore size 
distribution curve can be designated as the central pore diameter 
of macropores of the porous material of the present invention. 
However, when determining the central pore diameter, the peak 
generated by the intrusion of mercury into any sites other than 
the pores (for example, voids between adjacent pores) , needs 
to be excluded. The central pore diameter of macropores in the 
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porous material of the present invention thus determined is 
preferably 0.05 to 0.5 urn, and more preferably 0.1 to 0.3 urn. 
[0023] As described above, in the present invention, the methods 
for determining the pore size or distribution thereof in the 
case where the pores are mesopores and in the case where the 
pores are macropores are different. This implies that it is 
difficult to evaluate both the mesopores and the macropores by 
the same technique. In other words, it is implied that in the 
nitrogen adsorption method applicable in the case of mesopores, 
itisdif f iculttoaccuratelydeterminetheporesizeordistribution 
thereof of macropores, while in the mercury intrusion method 
applicable in the case of macropores, it is difficult to accurately 
determine the pore size or distribution thereof of mesopores. 
Furthermore , since thepropertiesof the materialstobe introduced 
into the pores are largely different in these methods, the sum 
of the proportion (%) of the total volume. of mesopores determined 
by the nitrogen adsorption method and the proportion (%) of the 
total volume of macropores determined by the mercury intrusion 
method may even exceed 100%. 

[0024] The porous material of the present invention may be any 
material having mesopores and macropores as described above, 
and the constituent elements are not particularly limited. 
Examples of the constituent elements of the porous material include 
oxides such as silicon oxides, silicon double oxides, aluminum 
oxide, zinc oxide, leadoxide, and tungsten oxide . Asthesilicon 
double oxides, there may be mentioned a double oxide of silicon 
and aluminum, and a double oxide of silicon and magnesium. 
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According to the present invention, the constituent elements 
of the porous material are preferably those of silicon oxides 
or silicon double oxides. 

[0025] The shape of the porous material of the present invention 
isnotparticularlylimited, but the porous material ispreferably 
granular, and is preferably an aggregate of acicular materials . 
In the case where the porous material is an aggregate of acicular 
materials, it is preferable that the macropores be formed as 
theporousmaterialispartitionedbyadj acentacicularmaterials , 
while the mesopores be formed in the acicular materials. In 
the case where the porous material is granular, the particle 
sizeispreferablyO . 1 to 10 urn. The shape of the acicular materials 
isnotparticularlylimited, but theacicularmaterialspref erably 
have a major diameter of about 1 to 10 ]xm, and a minor diameter 
of about 0.05 to 1 |a,m. These acicular materials are preferably 
composed of the constituent elements as exemplified in the above, 
and are more preferably made of silicate (silicon oxide) which 
is obtainable by removing calcium from fibrous calcium silicate 
through acid treatment or the like. 

[0026] Next, the method for producing a porous material of the 
present invention will be explained. The method for producing 
a porous material of the present invention includes the steps 
of adding a porous material having macropores intoabasic aqueous 
solution having a concentration of basic substances of 0.01 to 
5 mol/L, to obtain a porous material -containing solution 
(hereinafter, optionally referred to as the first step) ; adding 
a surfactant to the porous material -containing solution to obtain 
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a solution containing complexes of the porous material having 
macropores and the surf actant (hereinafter, optionally referred 
toasthesecondstep) ; andheat ingthesolutioncontainingcomplexes 
to 40°C or higher to allow formation of mesopores in the porous 
material having macropores (hereinafter, optionally referred 
to as the third step) . This method for production enables the 
production of the above -de scribed porous material of the present 
invention. 

[0027] In the first step, a porous material having macropores 
is added to a basic aqueous solution to obtain a porous 
material -containing solution. A basic aqueous solution having 
a concentration of basic substances of 0.01 to 5 mol/L is an 
aqueous solution with very high basicity, and usually exhibits 
apH value of 12 or higher. Whenaporousmaterialhavingmacropores 
is added to such highly basic aqueous solution, a portion of 
chemical bonds of the constituent component s of theporousmaterial 
is cleaved. At this time, since the chemical bonds are only 
partially cleaved, the macropores are maintained . For example, 
in the case of using a porous material formed of a silicon oxide 
as theporousmaterial havingmacropores , aportionof the -Si -0- Si - 
bond is cleaved. As such, when a portion of the chemical bonds 
is cleaved, formation of mesopores in the porous material having 
macropores is made possible. If the concentration of basic 
substances is less than 0.01 mol/L, cleavage of chemical bonds 
does not occur, and thus mesopores are not formed. On the other 
hand, if the concentration of basic substances is greater than 
5 mol/L, cleavage of chemical bonds is excessively progressed, 
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so that the macropores are lost. Therefore, the concentration 
of basic substances must be controlled to 0.01 to 5 mol/L. 
[0028] The basic substances used in the first step are not 
particularly limited, but for example , sodium hydroxi de , calcium 
hydroxide, ammonia, trimethylamine and triethylamine may be 
mentioned. The porous material having macropores is not 
particularly limited, but the material is preferably a porous 
materialformedof siliconoxides (includingsilicondoubleoxides ) , 
and more pre f erably aporous material obtained by removing calcium 
from fibrous calcium silicate crystals through acid treatment 
or the like . Such porous material may be exemplified by leached 
calcium silicate, and when this porous material is used as a 
rawmaterial, the finally obtainable porous material can be formed 
into an aggregate of acicular materials. 

[0029] As theporousmaterialhavingmacropores, it is preferable 
to use a porous material in which the proportion of the total 
volume of macropores having a pore diameter of 0.05 to 0.5 |um, 
in the total pore volume of the porous material, is 20 to 50% 
as measured by the mercury intrusion method. According to the 
present invention, since it is possible to form mesopores in 
theporousmaterialastherawmaterialwhilemaintainingmacropores 
in the porous material, by using a porous material in which the 
proportion of the total volume of macropores having apore diameter 
of 0.05 to 0.5 |xm is in the range as mentioned above, production 
of the porous material- of the present invention becomes easier. 

[0030] Furthermore, inthe first step, thebasic aqueous solution 
may also contain an alcohol such as methanol , or anorganic solvent 
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other than that. The solution obtainable by adding the porous 
material having macropores into the basic aqueous solution, is 
preferably stirred at a temperature from room temperature to 
50°C for 10 minutes to 1 hour. 

[0031] In the second step, a surfactant is added to the porous 
material -containing solution obtained in the first step, to thus 
obtainasolutioncontainingcomplexesformedof theporousmaterial 
having macropores which was added in the first step, and this 
surfactant . 

[0032] Aportionof chemical bonds of the constituent components 
of the porous material having macropores are cleaved by the first 
step. The surfactant added in the second step forms complexes 
with the porous material having the chemical bonds cleaved as 
such. Here, the surfactant is believed to undergo aggregation 
within the complexes to form micelles and the like, and the parts 
formed by the aggregated surfactant molecules eventually form 
mesopores. Therefore, the surfactant functions as a template 
for forming mesopores in the porous material having macropores . 
[0033] The amount of surfactant to be added in the second step 
is not particularly limited, but in the case where the porous 
material having macropores which is used in the first step, is 
formed of silicon oxides (or silicon double oxides) , the mole 
number of the surfactant ispref erably set to one -tenth to one -fold 
of the mole number of silicon atoms in the porous material 
(hereinafter, the ratio of the mole number of the surfactant 
and the mole number of silicon atoms in the porous material is 
optionally referred to as surfactant/Si) . As discussed in the 
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above , sincethesurf actantworksasatemplatef orf ormingmesopores , 
if the ratio of surfactant/Si is less than 1/10, the template 
may not be formed, or may be unstable if ever formed, and thus 
the formation of mesopores tends to become more difficult. On 
the other hand, if the ratio of surfactant/Si is greater than 
1/1, a surplus of the surfactant tends to occur. According to 
thepresent invent ion, theratioof surf actant/Siismorepref erably 
1/2. 

[0034] The type of the surfactant used in the second step is 
not particularly limited, but the surfactant is preferably 
alkylammonium halide represented by the following formula (1) : 

[0035] 

[Formula 1] 

whereinR 1 , R 2 andR 3 , whi chmaybe identical or dif f erent , represents 
an alkyl group having 1 to 3 carbon atoms; X represents a halogen 
atom; and n represents an integer from 5 to 21. 

[0036] R 1 , R 2 andR 3 in the formula (1) maybe identical ordiff erent , 
but they are preferably identical from the viewpoint of symmetry 
of the surfactant molecule. If the symmetry of the surfactant 
molecule is excellent, aggregation of surfactant molecules 

(formation of micelles, or the like) tends to be facilitated. 
Furthermore, at least one of R 1 , R 2 and R 3 is preferably a methyl 
group, and it is more preferable that all of R 1 , R 2 and R 3 be 
methyl groups. In the case where all of R 1 , R 2 and R 3 are methyl 
groups, the formula (1) corresponds to alkyltrimethyl ammonium 
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halide. Inaddition, n in the formula (1) is preferably an integer 
from 7 to 17, and more preferably 7, 9, 11, 13, 15 or 17. The 
type of the halogen atom for X is not particularly limited, but 
fromthe viewpoint of easy availability, X ispref erably achlorine 
atom or a bromine atom. 

[0037] Examples of suitable surfactants include 
octyltrimethylammonium chloride, octyltrimethylammonium 
bromide, decyltrimethyl ammonium chloride, 
decyltrimethylammonium bromide, dodecyltrimethylammonium 
chloride, dodecyltrimethylammonium bromide, 
tetradecyltrimethylammonium chloride , 
tetradecyltrimethylammonium bromide , 
hexadecyltrimethylammonium chloride, 
hexadecyltrimethylammonium bromide, 
octadecyltrimethylammonium chloride, 
octadecyltrimethylammonium bromide, and the like. 
[0038] Inthe secondstep, it ispref erable toprepare the solution 
containing complexes of the porous material and the surfactant, 
by adding the surfactant, and then stirring the resultingmixture 
at a temperature from room temperature to 50°C for 3 0 minutes 
to 2 hours. 

[0039] In the third step, the solution containing complexes 
obtained in the second step is heated to 40°C or higher, to thus 
form mesopores in the porous material having macropores. The 
temperature to which the solution containing complexes is heated 
is preferably from 40 to 200°C. If the heating temperature is 
lower than 40°C, the reaction does not proceed, or the progress 
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of the reaction is so slow that it is not practical. If the 
heating temperature exceeds 2 00°C, the structure of the surfactant 
maybe destroyed. The heat ingmethod is not particularly limited, 
but it ispreferable to perform hydrothermal synthesis by placing 
the solution containing complexes obtained in the second step 
in a sealed container, and heating the solution at 40 to 200°C 
for 1 to 15 0 hours. 

[0040] According to the method for producing a porous material 
of thepresent invent ion, a stepof obtaining anacid-addedsolut ion 
may be carried out, between the first step and the second step, 
by adding to the porous material-containing solution obtained 
in the first step, 1/10 to 1/2 moles of acidic substances per 
mole of the basic substances contained in the porous 
material -containing solution. Although a portion of chemical 
bonds of the constituent components of the porous material having 
macropores is cleaved through the first step, in the case where 
the basicity is high in the first step, the cleavage of chemical 
bonds can be maintained so as not to excessively proceed by adding 
acidic substances as described above . Furthermore, the addition 
of acidic substances further f acilitatesthef ormationof mesopores , 
while still retaining the shape of the porous material used in 
the first step. In the current step, if the mole number of the 
acidic substances to be added relative to one mole of the basic 
substances is less than 1/ 10, the degree of decrease in the basicity 
tends to be insufficient. On the other hand, if the mole number 
of the acidic substances to be added relative to one mole of 
the basic substances is greater than 1/2, the system becomes 
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more neutral , and thus the formation of mesopores tends to become 
more difficult. In addition, although acidic substances are 
added in the current step, since the amount of addition is in 
the range of the above-mentioned ratios, the system exhibits 
basicity even after the addition (typically, pH 11 or higher) . 
The acidic substances used in the current step are not particularly 
limited. Forexample, inorganic acids such as hydrochloric acid, 
sulfuric acid, nitric acid and phosphoric acid; organic acids 
such as acet ic acid; and the like may be suitably used . According 
to the current step, at the time of obtaining the acid-added 
solution, it is preferable to stir the solution at a temperature 
from room temperature to 5 0°C for 10 minutes to 1 hour. 
[0041] According to the present invention, the third step may 
be carried out after performing a step of further adding water 
to the solution containing complexes of the porous material and 
the surfactant obtained in the second step. By adding water, 
the hydrolysis polycondensation reaction in the case of using 
a porous material formed of silicon oxides (or silicon double 
oxides) as the porous material having macropores, can be made 
to progress further. 

[0042] According to the present invention, it is preferable 
tocarryout, after completionof the thirdstep , a stepof adj usting 
the pH value of the solution containing the porous material having 
mesopores and macropores obtained in the third step, to 5 to 
12 by adding acidic substances , and to carry out a step of heating 
the solution which has been adjusted to pH 5 to 12 , to 4 0°C or 
higher . 
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[0043] When the solution is adjusted to pH 5 to 12 and heated 
to 4 0°C or above, the structure of the porous material having 
mesopores and macropores obtained in the third step can be made 
stronger. Forexample, in the case where a porous material formed 
of silicon oxides (or silicon double oxides) is used as the porous 
material having macropores in the first step, a portion of the 
-Si-O-Si- bond is cleaved to generate a silanol group (-Si-OH) 
or the like in the first step. The silanol group or the like 
undergoes condensation during the third step to re-generate the 
-Si -O- Si -bond, but generationof thisbondmay become insufficient 
by means of the third step only. Therefore, after the third 
step, when the system is adjusted to pH 5 to 12 and heated to 
4 0°C or higher, the condensation reaction can be made to further 
proceed. 

[0044] The acidic substances used for adjusting the pH to 5 
to 12 are not particularly limited, and for example, inorganic 
acids such as hydrochloric acid, sulfuric acid, nitric acid and 
phosphoric acid, organic acids such as acetic acid, and the like 
canbeused. It is more preferable that the heat ing after adjusting 
the pH to 5 to 12 be performed at 40 to 200°C. If the heating 
is performed at below 40°C, the reaction may not proceed, or 
the progress of the react ion may be so slow that it is not practical . 
If the heating temperature exceeds 200°C, the structure of the 
surfactant may be destroyed. The heating method is not 
particularly limited, but it ispref erable toperf ormhydrothermal 
synthesis by heating the system in a sealed container at 40 to 
200°C for 1 to 150 hours. 
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[0045] After completion of the third step, the porous material 
of the present invention can be obtained by removing volatile 
components such as water, washing the product with distilled 
water, deionized water or the like, and then drying the product . 
In the case where the above -de scribed pH adjustment and heating 
have been performed after the completion of the third step, the 
porous material of the present invention can be obtained similarly 
by removing volatile components such as water, washing the product 
with deionized water or the like, and then drying the product, 
after completion of the heating. 

[0046] In all of the above-described cases, there exists the 
surfactant added in the second step inside the mesopores and/or 
macropores of the obtained porous material . The porous material 
of the present invention can be used in various applications 
while still having the surfactant present inside the mesopores 
and/or macropores, but in the case of using the porous material 
in the applications of adsorbent, separating material or the 
like, where a large specific surface area is required, it is 
preferable to carry out a step of removing the surfactant. 
[0047] As the method of removing the surfactant from the porous 
material, for example, there may be mentioned a method involving 
calcination, a method of treating with an organic solvent, an 
ion-exchange method, and the like. In the method involving 
calcination, the porous material is heated to 300 to 1000°C, 
and preferably 400 to 700°C. The heating time may be about 30 
minutes, but in order to completely remove the surfactant, it 
is preferable to heat the porous material for 1 hour or longer. 
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Calcination can be performed in air, but since a large amount 
of combustion gas is generated, an inert gas such as nitrogen 
may be introduced. 

[00 48] In the case of treating the porous material with an organic 
solvent, the porous material is immersed in a good solvent for 
the surfactant used, to thereby extract the surfactant. In the 
ion-exchange method, the porous material is immersed in an acidic 
solution (ethanol containing a small amount of hydrochloric acid, 
or the like) , and the system is stirred while being heated to, 
for example, 50 to 7 0°C. Thereby, the surfactant present in the 
pores of the porous material is ion-exchanged to hydrogen ions. 
In addition, although hydrogen ions are made to remain in the 
pores by the ion- exchange, since the ionic radius of the hydrogen 
ions is sufficiently small, the problem of pore blockage does 
not occur. 

[0049] Theabove-describedmethodof thepresent inventionallows 
mesopores to be formed in the porous material having macropores , 
which is used in the first step. The pore array structure of 
the mesopores is not particularly limited , but the porous material 
preferably has a regular array structure suchas a two-dimensional 
hexagonal structure, a three-dimensional hexagonal structure, 
or a cubic structure. 

[0050] 

[EXAMPLES] Hereinafter, suitable Examples of the present 
invent ionwillbedescribedinmoredetail,butthepre sent invent ion 
is not intended to be limited to these Examples. 
[0051] (Example 1) Toanaqueous solutionpreparedbydissolving 
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1.152 g of sodium hydroxide in 15 g of water, 2.77 g of leached 
calcium silicate, which is a porous material having macropores 
having a pore diameter of 0 . 05 to 0 . 5 urn (manufactured by Japan 
Insulation Co. , Ltd. ; silica microcapsules) , was added, and the 
resulting mixture was stirred for 30 minutes . 0 . 6 g of sulfuric 
acid was added to the solution, and the mixture was stirred for 
30 minutes. To this mixture , a solution prepared by dissolving 
7 . 2gof hexadecyltrimethylammoniumchloride, whichisasurf actant , 
in 2 1.6 g of water, was added in the whole amount , and the resulting 
mixture was stirred for 30 minutes. Subsequently, 10 g of water 
was further added thereto, and the mixture was stirred for 10 
minutes. Then, all of the solution was introduced into a sealed 
container (capacity: 110 mL) , and heated at 110°C for 48 hours. 
After completion of the heating, the solution was cooled to room 
temperature, and filtered. The obtained solids were washed three 
times with distilled water, and dried at 45°C for 24 hours, to 
obtain a powder. The obtained powder was calcined at 550°C for 
6 hours to eliminate organic components such as surfactant, to 
thus obtain a porous material. 

[0052] (Example 2) A porous material was obtained in the same 
manner as in Example 1, except that an operation of adjusting 
the pH of the solution to 8.5 by adding 2 N hydrochloric acid, 
subsequently introducing the solution into the above-mentioned 
sealed container, heating the solution at 110°C for 48 hours, 
and after completing the heating, cooling the solution to room 
temperature , was added between the "operation of cooling to room 
temperature" and the "operation of filtering" in Example 1. 
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[0053] (Comparative Example 1) A porous material was obtained 
in the same manner as in Example 1 , except that the porous material 
usedas the rawmaterial was changed to fumedsilicahavingneither 
macroporesnormesopores (manuf acturedbySigma-AldrichCompany) . 
[0054] (Observation under scanning electron microscope) The 
porous materials obtained in Example 1 and Comparative Example 
lweresub j ectedtoobservationwithascanningelectronmicroscope . 
The scanning electronmicrographs of the porous material obtained 
in Example 1 are presented in Fig. 1 (magnification of 4500 times) 
and in Fig. 2 (magnification of 9000 times) . Also, the scanning 
electronmicrographof theporousmaterial obtainedinComparative 
Example 1 is presented in Fig. 3 (magnification of 9000 times) . 
As shown in Fig. 1, the particle size of the porous material 
obtained in Example 1 was about 3 0 |am, and this porous material 
was an aggregate of acicular crystals, while having macropores 
formed as the porous material is partitioned by adjacent porous 
materials. Furthermore, as shown in Fig . 2, the major diameter 
of these acicular crystals was about 1 (j.m, while the minor diameter 
thereof was about 0.1 \xm. On the other hand, as shown in Fig. 
3, the porous material obtained in Comparative Example 1 was 
not observed to have macropores. 

[0055] (Evaluationofporearraystructure) Theporousmaterials 
obtained in Example 1 and Comparative Example 1 were subjected 
to X-ray diffraction. The obtained X-ray diffraction pattern 
is presented in Fig. 4. From the pattern shown in Fig. 4, it 
can be seen that the porous materials obtained in Example 1 and 
Comparative Example 1 are mesoporous materials having a 
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two-dimensional hexagonal pore array structure. 
[0056] (Evaluationof mesopo res according tonitrogenadsorpt ion 
method) The porous materials obtained in Examples 1, 2 and 
Comparative Example 1 were used to perform an evaluation according 
to a nitrogen adsorption method as follows. Thus, the central 
pore diameter, the total pore volume, and the proportion of the 
total volume of pores having a diameter in the range of ± 40% 
of the central pore diameter, in the total pore volume, of the 
porous materials were determined. That is, each of the porous 
materials was cooled to the liquid nitrogen temperature (-196°C) , 
nitrogen gas was introduced, and the amount of adsorption of 
nitrogengaswasdeterminedbyagravimetricmethod. Subsequently, 
the pressure of the introduced nitrogen gas was slowly increased, 
and the amount of adsorption of nitrogen gas was plotted against 
the equilibrium pressure to obtain an adsorption isotherm curve. 
From this adsorption isotherm curve, a pore size distribution 
curve was obtained using the BJH method . Since none of the porous 
materials of Examples 1, 2 and Comparative Example 1 was observed 
tohave micropores, the adsorption isotherm curves were subjected 
to cor recti on at the time of determining the pore size distribution 
curves . 

[0057] The pore size distribution curves of the porous materials 
obtained in Example 1, Example 2 and Comparative Example 1, which 
curves were obtained according to the nitrogen adsorpt ion method, 
are presented in Fig. 5, Fig. 6 and Fig. 7, respectively. 
Furthermore, the central pore diameter, the total pore volume, 
and the proportion of the total volume of pores having a diameter 
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in the range of + 40% of the central pore diameter, in the total 
pore volume , of the porous materials as measured by the nitrogen 
adsorption method are summarized and presented in the following 
Table 1 . In addition, the total pore volume was calculated using 
the value of P 0 /P = 0.99 of the adsorption isotherm curve. 

[0058] 

[Table 1] 

Porous material 

Central pore diameter (nm) 

Total pore volume (cc/g) 

Proportion of central pore diameter + 40% (%)* 
Example 1 
Example 2 

Comparative Example 1 

*: Proportion of the total volume of pores having a diameter 
in the range of ± 40% of the central pore diameter, in the total 
pore volume 

[00 59] (Evaluation of macropores according to mercury intrusion 
method) An evaluation was performed according to a mercury 
intrusion method as described below, using the porous materials 
obtained in Examples 1 , 2 and Comparative Example 1 , to determine 
the total pore volume of the porous materials and the proportion 
of macropores having a pore diameter of 0.0 5 to 0.5 \xm, in the 
total pore volume. 

[0060] That is, a porous material was immersed in mercury at 
room temperature, and the amount of adsorption was determined 
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by a gravimetric method. Then, thepressure of mercury introduced 
into the pores was slowly increased, and the amount of adsorption 
of mercury was plottedagainst the equilibriumpressure , to obtain 
an adsorption isotherm curve. Subsequently, a pore size 
distribution curve was determined by the BJH method using this 
adsorption isotherm curve , and the relationship between the pore 
size and the cumulative pore volume was plotted. 
[0061] Thepore size distribution curves for theporousmaterials 
obtained in Example 1 and Example 2 are presented in Fig. 8 and 
Fig. 10, respectively, and the relationships between the pore 
sizeandthecumulativepore volume of theporousmaterials obtained 
in Example 1 and Example 2 are presented in Fig. 9 and Fig. 11, 
respectively. In Fig. 8 and Fig. 10, peaks were observed in 
the pore diameter range of 0 .05 to 0 . 5 |nm, and it was shown that 
in the porous materials obtained in Example 1 and Example 2, 
macropores having a pore diameter in this range were present. 
Furthermore, in the pore size distribution curves in Fig. 8 and 
Fig. 10, peaks in the pore diameter range of about 5 to about 
10 (am are observed, but these represent the mercury intruded 
between the particles of the porous materials obtained in Example 
1 and Example 2. As shown in Fig. 9 and Fig. 11, for the porous 
materials obtained in Example 1 and Example 2, the proportions 
of the total volume of macropores having a pore diameter of 0 .05 
toO . 5uminthetotalporevolumewere33 . 6%and34 . 3%, respectively. 
[0062] The pore size distribution curve of the porous material 
obtained in Comparative Example 1 is presented in Fig. 12, and 
the relationship between the pore size and the cumulative pore 
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volume of the porous material obtained in Comparative Example 

1 is presented in Fig. 13. In Fig. 12, a broad peak was observed 
in the pore diameter range of about 0.05 to about 100 |J.m, and 
other peaks were observed in the pore diameter range of about 
100 to about 200 |um. The peaks in the pore diameter range of 
about 100 to about 200 urn represent the mercury intruded between 
the particles of the porous material obtained in Comparative 
Example 1. Furthermore, as shown in Fig. 13, for the porous 
material obtained in Comparative Example 1, the proportion of 
the total volume of macropores having a pore diameter of 0.0 5 
to 0.5 jam in the total pore volume was 13.2%. 

[0063] The total pore volume as measured by the mercury intrusion 
method, the total volume of macropores having a pore diameter 
of 0.05 to 0.5 |am, and the proportion of the total volume of 
macropores having a pore diameter of 0.05 to 0.5 |um in the total 
pore volume, of the porous materials obtained in Example 1, Example 

2 and Comparative Example 1 are summarized and presented in the 
following Table 2. 

[0064] 

[Table 2] 

Porous material 

Total pore volume (cc/g) 

Total volume of macropores of 0.05 to 0.5 |um (cc/g)* 
Proportion of macropores of 0.05 to 0.5 \xm (%)** 
Example 1 
Example 2 

Comparative Example 1 
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*: Total volume of macropores having a pore diameter of 0.05 
to 0.5 urn 

**: Proportion of the total volume of macropores having a pore 
diameter of 0.05 to 0.5 urn in the total pore volume 

[0065] 

[Effects of the Invention] As discussed in the above, according 
to the present invention, a porous material capable of increasing 
the selectivity and rate of adsorption and separation when used 
asanadsorbentorseparatingmaterial , isprovided. Furthermore, 
a production method capable of producing a porous material which 
can increase the selectivity and rate of adsorption and separation 
whenusedas anadsorbent or separatingmaterial , is alsoprovided. 

[Brief Description of the Drawings] 

[Fig. 1] Fig. 1 is a scanning electron micrograph (magnification 
of 4500 times) of the porous material obtained in Example 1. 
[Fig. 2] Fig. 2 is a scanning electron micrograph (magnification 
of 9000 times) of the porous material obtained in Example 1. 
[Fig. 3] Fig. 3 is a scanning electron micrograph (magnification 
of 9000 times) of the porous material obtained in Comparative 
Example 1. 

[Fig. 4] Fig. 4 is adiagramshowingtheX-raydif f ractionpatterns 
of the porous materials obtained in Example 1 and Comparative 
Example 1 

[Fig. 5] Fig. 5 is a diagram showing the pore size distribution 
curve for the porous material obtained in Example 1, obtained 
by a nitrogen adsorption method. 
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[Fig. 6] Fig. 6 is a diagram showing the pore size distribution 
curve for the porous material obtained in Example 2, obtained 
by a nitrogen adsorption method. 

[Fig. 7] Fig. 7 is a diagram showing the pore size distribution 
curve for the porous material obtained in Comparative Example 
1, obtained by a nitrogen adsorption method. 

[Fig. 8] Fig. 8 is a diagram showing the pore size distribution 
curve for the porous material obtained in Example 1, obtained 
by a mercury intrusion method. 

[Fig. 9] Fig. 9 is a diagram showing the relationship between 
the pore size and the cumulative pore volume of the porous material 
obtained in Example 1, obtained by a mercury intrusion method. 
[Fig. 10] Fig. 10 is a diagram showing the pore size distribution 
curve for the porous material obtained in Example 2, obtained 
by a mercury intrusion method. 

[Fig. 11] Fig. 11 is a diagram showing the relationship between 
the pore size and the cumulative pore volume of the porous material 
obtained in Example 2, obtained by a mercury intrusion method. 

[Fig. 12] Fig. 12 is a diagram showing the pore size distribution 
curve for the porous material obtained in Comparative Example 
1, obtained by a mercury intrusion method. 

[Fig. 13] Fig. 13 is a diagram showing the relationship between 
the pore size and the cumulative pore volume of the porous material 
obtained in Comparative Example 1, obtainedby amercury intrusion 
method . 
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Fig . 4 

Intensity/cps . 
Example 1 

Comparative Example 1 

Figs. 5, 6, 7 
Adsorption Dv (d) /cc/nm/g 
Pore size/nm 

Figs. 8, 10, 12 
Pore size/|J.m 

Figs. 9, 11, 13 
Cumulative pore volume/cc, 
Pore size/|jm 



